First and last author made equal contributions to this paper Running head: Inbreeding affects metabolite profiles Key words: Inbreeding, Drosophila, metabolomics, transcriptomics, temperature stress. 
INTRODUCTION
Inbreeding is characterized by an increase in homozygosity resulting in increased expression of recessive deleterious alleles (partial dominance hypothesis) and/or reduced opportunity to express heterozygote superiority (overdominance hypothesis) (CHARLESWORTH and CHARLESWORTH 1999) . The deleterious effects of inbreeding, especially on fitness traits, are well-known and are of considerable concern in human genetics, animal breeding, and conservation biology. Only fairly recently, molecular and physiological investigations on the effects of inbreeding have been accomplished (PEDERSEN et al. 2005; KRISTENSEN et al. 2005a; . Results from these studies indicate that an increase in homozygosity caused by inbreeding has strong effects on gene expression and that expression of specific proteins is differentially regulated in inbred relative to outbred populations across biological replicates. The directional changes observed across independent inbred lines suggests that differences between inbred and outbred lines cannot be explained by genetic drift alone -as drift would lead to line specific fixation of alleles. Hypothetically, the molecular and biochemical changes caused by inbreeding could be due to a general disturbance of cellular homeostasis (LERNER 1954) or it could be due to more specific changes targeted towards single proteins or pathways and regulatory systems (BIRCHLER et al. 2005) . Empirical studies on effects of fixation of deleterious mutations on protein instability and disturbance of processes related to the protein quality control system has the potential to reveal causative explanations for biochemical changes induced by inbreeding (SANGSTER et al. 2004; DEPRISTO et al. 2005) .
However currently, our knowledge within this field is limited.
A genetically diverse population was generated in 2002 by mixing populations of D.
melanogaster from different geographical regions (for further details see BUBLIY and LOESCHCKE 2005) . Five inbred lines (I1-I5) with an expected inbreeding level of 0.67 were generated through five generations of full-sib mating (for details on the inbreeding procedure see PEDERSEN et al. 2005) . When the inbred lines reached the desired inbreeding level the population size was flushed to approximately 1000 individuals over two generations and held at this size for all following generations. The high population size is expected to reduce further increases in the level of inbreeding. Five outbred control populations (C1-C5) were founded from the diverse mass population each by approximately 1000 individuals at the time when the inbreeding procedure was initiated.
Flies from all lines were reared and maintained at standard laboratory conditions (25 ± 0.2°, 50% relative humidity, 12/12 h light/dark cycle). The NMR experiment reported here was run in January 2007. All flies used in the experiment were reared under controlled density (30 larvae/vial) on 7 mL standard medium. Five replicates of 50 male flies (4 ± 0.5 days old) per line were exposed to three different temperature regimes; benign temperature or heat-or cold-stress. For benign temperature and heat-stress flies were exposed to 25° or 36° for 1 h in vials in water baths. Flies were stressed in empty vials and subsequently allowed to recover for 1 h at 25° in vials containing medium at standard laboratory conditions. Flies were exposed to cold-stress in empty vials in a water bath at 0° for 2 h followed by 7 h of recovery at 25° in vials containing medium at standard laboratory conditions. After recovery, all flies were transferred to 5 mL micro-tubes, frozen in liquid nitrogen, and stored at -80°. Flies were exposed to the different temperatures on the same day, and all samples frozen at the same time (± 1 h) in the afternoon. The temperatures used for cold-and heat-stress exposures were chosen based on a pilot experiment showing that these temperatures could be considered stressful, but non-lethal for the flies (results not shown).
Sample preparation and NMR measurements
Flies from each sample were mechanically homogenized with a Kinematica, Pt 1200 (Buch & Holm A/S) in 1 mL of ice-cold acetonitril (50%) and centrifuged for 30 min (4°). The supernatant was transferred to new tubes, lyophilized and stored at -80°. Immediately before the NMR measurements, samples were rehydrated in 650 µL of 50 mM phosphate buffer (pH 7.4) in D 2 O, and 600 µL was transferred to a 5 mm NMR tube. The buffer contained 50 mg/L of the chemical shift reference 3-(trimethylsilyl)-propionic acid-D4, sodium salt (TSP). The NMR measurements were performed at 25° on a Bruker Avance-2 700 spectrometer (Bruker Biospin), operating at a 1 H frequency of 700.09 MHz, equipped with a 5 mm HCN triple resonance probe. 1 H NMR spectra were acquired using a single-90°-pulse experiment with a Carr-Purcell-Meiboom-Gill (CPMG) delay added in order to attenuate broad signals from high-molecular-weight components. The total CPMG delay was 40 ms and the spin-echo delay was 200 µs. The water signal was suppressed by presaturation of the water peak during the relaxation delay of 1.5 s. A total of 256 transients of 16 K data points spanning a spectral width of 24 ppm were collected, corresponding to a total experiment time of 10 min. For assignment purposes a 2-dimensional 1 799.96 MHz, equipped with a 5 mm probe. Here the ppm scales were calibrated to acetone for proton (2.22 ppm) and carbon (30.89 ppm), giving a HDO signal at 4.82 ppm.
Data reduction/treatment
The spectra were processed using iNMR (www.inmr.net). An exponential line-broadening of 0.5 Hz was applied to the free-induction decay prior to Fourier transformation. All spectra were referenced to the TSP signal at -0.017 ppm, automatically phased and baseline corrected. Data reduction was accomplished by dividing the spectrum into 0.005 ppm regions (bins) over which the signal was integrated to obtain the signal intensity. The region around the residual water signal (4.85-4.7 ppm) was removed in order not to compromise the analysis. The high-and low-field ends of the spectrum, where no signals except the reference signal from TSP appear, were also removed (i.e., leaving data between 9.5 and 0.5 ppm). The integrals were normalized to a total intensity of 1000 in order to suppress trivial separation based on variations in amount of sample.
Principal component analysis (PCA) was carried out on data sets including control and inbred flies at benign temperature only; control and inbred flies at benign temperature and after heat-stress; control and inbred flies at benign temperature and after cold-stress; and on the full data set. The PCA was performed using in house R-scripts (the R project;
http://www.r-project.org), based on a script generously provided by Karl-Heinz Ott. Data was scaled using VAST scaling (KEUN et al. 2003 ) to obtain unit variance within each line at each temperature (i.e. each region/bin was divided by the average standard deviation of the integral of that region within all lines at all temperatures) and then centered. This scaling reduces the weight of variations that are not related to the treatments, i.e. random variations between "identical" samples are reduced, and the analysis is not biased towards metabolites present at high concentrations. Initial PCA identified one cold-stressed control sample as a significant outlier due to traces of organic solvent. This sample was excluded.
The number of significant PCs was assessed by cross validation (WOLD 1978) . The scores from the PCA including only samples treated at benign temperature were subjected to oneway ANOVA for inbreeding or line, and those from PCA including temperature-treated samples were subjected to two-way ANOVA for inbreeding or line and high or low temperature treatments (significance level 0.01) using ranked Bonferroni correction for multiple testing. Test of line-effects was performed on control and inbred lines together and separately. The effects of inbreeding on the between-line variance was tested using a Jackknifing procedure where mean values for each line were calculated for all combinations with one or two samples left out, and the between-line variances for the control and inbred samples were calculated for all combinations of these mean values. Significant effects were detected using Wilcoxon tests (df = 48). Generally, only metabolite effects at a significance level of 0.01 are discussed. The groups with one or two samples left out were treated separately. A dendogram was created using hierarchical cluster analysis (HCA) with PLS discriminant analysis (PLS-DA) scores of VAST scaled data calculated using Simca-P 11.5
(Umetrics, Umeå, Sweden) as input. The number of axes for each PLS-DA model was determined by cross-validation. HCA was then carried out using complete linkages in R (http://www.r-project.org) by using the Euclidean distance between the PLS-DA scores for each treatment. OPLS discriminant analysis (OPLS-DA), (BYLESJÖ et al. 2006 ) was carried out between control and inbred flies on data sets including benign temperature, heatstressed, or cold-stressed flies to identify metabolites responsive to inbreeding; and between benign temperature and heat-or cold-stressed flies on data sets including control or inbred flies to identify metabolites responsive to heat or cold stress. Orthogonal projection to latent structures, OPLS, separates the variance in x correlated with y (y-predictive) with the orthogonal (non-correlated; y-orthogonal) variance (TRYGG and WOLD 2002) . In contrast to regular PLS, a single y will result in only one predictive component. Data was scaled to obtain unit variance and then centered. OPLS was performed using Simca-P 11.5
(Umetrics, Umeå, Sweden).
The metabolite signals were identified from a 2-dimensional 1 H-1 H TOCSY spectrum, from STOCSY spectra (CLOAREC et al. 2005) and by comparison with known metabolite chemical shifts (FAN 1996; MALMENDAL et al. 2006; OVERGAARD et al. 2007 ). The Figure S1 , assignment is explained in figure legend).
Integration of NMR and gene expression data
Gene expression on the same lines was studied 40 generations earlier using Affymetrix gene chips (for methods and results see KRISTENSEN et al. 2005a; . Association of our metabolomics data to gene expression data at benign condition was done using a modification of the method suggested by RANTALAINEN et al. (2006) . NMR and gene expression data were associated using the inbred and control lines at benign temperature Figure S2 ). Genes that show a high correlation with OPLS scores for a metabolite (R 2 > 0.6) and a higher correlation with OPLS scores for that metabolite than with OPLS-DA scores (R 2 OPLS(gene-metabolite) > R 2 OPLS-DA(gene) ) were assumed to be genes correlated to that metabolite. The criteria chosen are relatively stringent to avoid noise caused by intergenerational variation. It should be noticed that this method, as all correlation approaches, does not necessarily detect causal correlations, and it is not expected that all correlating genes are directly involved in processes and pathways related to the specific metabolites.
Lists of all genes observed to correlate to the specific metabolites were subjected to gene enrichment analysis using DAVID Functional Annotation Tool (DENNIS et al. 2003) . The filtered data on gene expression were used as search background in the gene enrichment analysis. Significant groups within the Gene-Ontology themes 'Biological Process', 'Molecular Function' and 'Cellular Compartment' are represented in Table S2 -S4. In addition, lists of either positively or negatively correlating genes were subjected to gene enrichment analysis and the Gene-Ontology theme 'Biological Process' are listed in Table   S5 -S7. In the gene enrichment analysis a high level of specificity were chosen for the GeneOntology themes (level 4) and the criteria for significance were: > 3 genes within each group and EASE score p-values < 0.1. Complete lists of genes correlating to the specific metabolites are listed in Table S8 -S10. It should be mentioned that the hierarchical construction of Gene-Ontology themes allow genes to be present in several groups (DENNIS et al. 2003) .
RESULTS

Overall effects of inbreeding and temperature stress
The relative similarities between the metabolomic responses to inbreeding, temperature stress or the combination of the two were characterized by principal component analysis (PCA; Figure 1 ) and hierarchical cluster analysis on the full dataset (HCA; Figure 2 ). Many of the characteristics described by these analyses are analysed in more detail in the following sections. The two first principal components, PC1 and PC2 account for 38 and 17% of the total variance within the entire data set. The PC1 and PC2 scores, of control and inbred flies ( Figure 1A ) show that there are significant effects of inbreeding and temperature stress (p < 0.001 (two-way ANOVA)) for both PC1 and PC2. The similarity in the response to inbreeding after all temperature treatments indicates that the metabolite differences between inbred and control lines are independent of temperature treatment.
Additionally, results presented in Figure 1A indicate that the response to cold-stress is the largest compared to the response to heat-stress and inbreeding. The between-line variance for the inbred lines was higher than for the control lines at all temperature treatments (p < 0.0001 (Wilcoxon test; Figure 1B ). According to the scores, the metabolic profile of I1 is different from the other inbred lines (p < 0.01 (two-way ANOVA) for both PC1 and PC2).
The dendogram in Figure 2 shows that most of the control lines at benign temperature and heat-stress form separate clusters while the inbred lines at benign temperature and heatstress cluster line-specifically, indicating that inbreeding causes the major difference between samples at benign temperatures and after exposure to heat-stress. Also here the I1 samples cluster closely to the control samples. All cold-stressed control lines cluster together while the cold-stressed inbred lines are scattered throughout the dendogram, verifying a strong interaction between line and cold-stress in the inbred lines (see below).
Effects of inbreeding at benign temperature
PCA was performed on control and inbred samples at benign temperature (i.e. 25° for 1 h).
Here, PC1 accounted for 34% of the variance in the samples and showed a significant effect of inbreeding (Table 1) . None of the other 6 significant PCs showed effects of inbreeding (Table 1) , but most (6) of the PCs showed differences between lines when all inbred and control lines were included (Table 1) . The PCs showing a significant line effect account for 77% of the total variance. Three and four of the PCs (accounting for 63 and 70% of the total variance) showed a significant line effect for the control and inbred lines, respectively.
For all PCs, except PC3, the between-line variance was higher for the inbred lines (p > 0.0001; Wilcoxon tests). Thus, the direct effect of inbreeding was a change in the levels of specific metabolites (see below), and an increased variability in metabolite levels between lines.
No detectable interaction between inbreeding and temperature stress
In order to detect potential interactions between inbreeding and temperature on the metabolite profiles, PCA were performed on inbred and control samples exposed to benign temperature/heat-stress and benign temperature/cold-stress. For heat-stress, none of the 14 significant PCs interacted with inbreeding (data not shown). Nor were there any interaction effects between heat-stress and the individual lines (data not shown). For cold-stress, none of the 15 significant PCs showed a significant interaction between cold-stress and inbreeding (Table 2) . Several types of pre-processing before PCA was tested and the VAST scaling used here showed some of the lowest p-values for tests of interactions between inbreeding and temperature stress. Potential interactions were thus not lost due to the preprocessing of data. Four out of the 15 significant PCs, accounting for 40% of the variance, showed a significant interaction between cold-stress and line (Table 2) . A significant interaction between cold-stress and line were seen both within control and inbred lines: One and three out of the 15 significant PCs (accounting for 2 and 38% of the total variance)
showed a significant interaction between line and cold stress in control and inbred lines, respectively (Table 2 ). To further test for an interaction between inbreeding and temperature stress, OPLS-DA was performed separately between control and inbred flies for the samples treated at benign temperature, heat-stress and cold-stress. The regression coefficients for the temperature stressed flies show a high correlation with the regression coefficients for the control flies (R 2 =0.92 for heat-and cold-stressed flies; data not shown).
This confirms that the metabolomic effect of inbreeding is similar at benign and stressful temperatures.
Identification of metabolites associated with inbreeding
Because the metabolomic effect of inbreeding is similar across temperatures, the most prominent effects of inbreeding were identified using the average OPLS-DA output from the three temperature treatments. The highest correlations (R 2 > 0.5) were obtained for increased levels of maltose and decreased levels of 3-hydroxykynurenine and 1-O-(4-O-(2-aminoethyl phosphate)-β-D-galactopyranosyl)-x-glycerol in the inbred lines (Figure 3 ). The latter is a galactoside synthesized exclusively in the accessory glands in males of some Drosophila species (CHEN et al. 1977) . Additional unassigned signals with high correlations (R 2 > 0.5) were found at 6.79, 5.34, 3.13, 2.84, and 1.92 ppm (Figure 3 ). Line specific relative concentrations of maltose, 3-hydroxykynurenine and the galactoside at benign temperature, and after exposure to temperature stress are shown in Figure 4 . A significant effect of breeding regime for concentrations of all three metabolites were observed (p < 0.0001 (one-way ANOVA), Figure 4 ).
Identification of metabolites associated with heat-and cold-stress
The most prominent effects of temperature stress were identified using the OPLS-DA outputs for control and inbred lines. The outputs from inbred and control lines were generally similar, with the exception that lower correlations were observed within the inbred lines relative to within the control lines. The control group was therefore used for further analysis of metabolites associated with temperature stress. For heat-stress, the highest correlations (R 2 > 0.5) were obtained for increased levels of tyrosine, glutamate, glutamine, valine and isoleucine, and decreased levels of several sugars. For cold-stress, the highest correlations (R 2 > 0.5) were obtained for increased levels of maltose, glucose and trehalose and decreased levels of NAD + , β-alanine, fatty acid methyl groups, 3-hydroxykynurenine, and the galactoside. These changes are in agreement with previous results (MALMENDAL et al. 2006; OVERGAARD et al. 2007) , the exception being the galactoside from the male accessory glands which is not expected to be detected in the female flies used in the previous study investigating effects of cold stress on the metabolome.
Correlation of NMR and gene array data
The concentrations of the three metabolites that show the highest correlation with inbreeding were correlated to gene expression data published in KRISTENSEN et al. (2005a; . Integration of transcriptomic and metabolomic data was performed only for flies exposed to benign temperature. A Venn diagram showing the distribution of the genes correlating with maltose, 3-hydroxykynurenine, and the galactoside is shown in Figure S3 .
Within the list of genes correlating to maltose several Gene-Ontology themes are significantly overrepresented. Among those are processes related to 'cellular carbohydrate metabolic process' represented by 13 genes (Table S2 ). Other overrepresented processes are 'larval feeding behaviour', 'cellular respiration' and 'coenzyme metabolic process'.
Genes related to the mitochondria and other organelle membranes were also overrepresented within the list of genes correlating to maltose (Table S2 ). When only negatively correlated genes were subjected to gene enrichment analysis significant biological processes are for example 'cellular carbohydrate metabolic process', 'carbohydrate catabolic process' and 'monosaccharide metabolic process' (Table S5 ). The heat shock protein 60 and two genes related to degradation of misfolded or incomplete synthesized endoplasmic reticulum proteins (Hsp60D, Septin interacting protein 3, Derlin-1) were observed to be positively correlated to variation in maltose (Table S8) .
Genes correlated to 3-hydroxykynurenine are mainly related to metabolic processes involving nitrogen containing compounds (e.g. 'amine biosynthetic process', 'nitrogen compound biosynthetic process', 'nucleobase metabolic process', 'nucleotide biosynthetic process'). No significant Gene-Ontology themes were found within the list of genes positively correlated to 3-hydroxykynurenine. The majority of genes related to processes involving nitrogen containing compounds are negatively correlated with 3-hydroxykynurenine, indicating that these genes are up-regulated in inbred lines. Genes previously shown to be related to processes involving 3-hydroxykynurenine (Rosy, Dorothy; REAL and FERRÉ 1990) are found to correlate to 3-hydroxykynurenine (Table S9) .
Four genes correlating to 3-hydroxykynurenine are related to DNA replication and repair mechanisms (CG7769, Okra, DNA replication-related element factor, Structure specific recognition protein). All four genes are negatively correlated to variation in 3-hydroxykynurenine (Table S9 ). Selenide, water dikinase, was found to be negatively correlated to 3-hydroxykynurenine (Table S9 ).
The galactoside correlates with genes that are related to amine and nitrogen compound biosynthetic processes. Furthermore, genes involved in meiosis were found to be overrepresented and negatively correlated to variation in the galactoside. Genes related to telomere maintenance and splicing (Telomere fusion, Splicing factor 1) were also correlated to variation in the galactoside (Table S10 ). The gene Takeout, which is known to be associated with male courtship behaviour, was positively correlated with the galactoside (Table S10) . The gene Thor, that is associated to diverse processes such as response to oxidative stress, defence response, immune response and life span, was negatively correlated to the galactoside (Table S10) .
DISCUSSION
The data presented here show that inbreeding strongly affects the metabolome. Both the mean level of specific metabolites and the variability of the metabolite profiles were different in inbred flies relative to flies from the control breeding regime (Figure 1 and 4, Table 1 ). The three metabolites that showed the highest correlation (R 2 > 0.5) with the general effect of inbreeding were maltose, 3-hydroxykynurenine and 1-O-(4-O-(2-aminoethyl phosphate)-β-D-galactopyranosyl)-x-glycerol, a galactoside specific to Drosophila males.
Maltose
Maltose was found in higher concentrations in all inbred lines ( Figure 4A ). Maltose is a disaccharide formed by hydrolysis of starch and can be further hydrolyzed to glucose.
Adult D. melanogaster have been shown to use starch as an energy resource and induction of starch metabolism has been linked to stimulation of growth and fitness (YAMAZAKI and MATSUO 1984; FUJIMOTO et al. 1999) . Different scenarios can be suggested that result in accumulation of maltose. Either hydrolysis of starch is increased or hydrolysis of maltose is decreased. A shortage of glucose has been shown to induce genes required for the use of maltose as an energy source (HU et al. 2000) . However, decreased levels of glucose in inbred flies were not observed. Associating metabolomic and gene expression data showed that a group of genes related to carbohydrate metabolic processes was found to be negatively correlated to maltose (e.g. Glycogen phosphorylase, Phosphoglycerate kinase, Enolase, Trehalose-6-phosphate synthase). However, Amylase and Maltase, which is known to be involved in regulation of maltose, were not observed to correlate to maltose in this experiment, indicating that the higher level of maltose observed in inbred lines may be regulated by alternative processes. Genes related to larval feeding behavior and cellular respiration correlated to maltose, indicating that inbreeding may affect energy metabolism, and thus affect behavior related to feeding. Knowledge is accumulating signifying that individuals with increased levels of homozygosity do have an altered metabolism, supporting the results found here (MITTON et al. 1986; MYRAND et al. 2002) . Genes associated to carbohydrate metabolism were also identified as differentially expressed in inbred and control lines in the gene expression study (KRISTENSEN et al. 2005a; . Six of these genes (b, cg1140, fbgn0029721, cg10932, Nmdnc, Pug) are found to correlate to variation in maltose.
Maltose also plays an important role in relation to coping with temperature stress where its role is to protect the function of proteins and membranes (KAPLAN and GUY 2004; PEREIRA and HÜNENBERGER 2006) . Increased maltose levels have been measured in response to rapid cold hardening and cold shock in D. melanogaster (OVERGAARD et al. 2007) , and this was also observed in this study. Accumulation of maltose has also been demonstrated in response to heat and cold exposure due to a stress-induced increase of amylase activity (KAPLAN and GUY 2004) . Specifically, membrane-associated processes are suggested to benefit from the protective role of maltose (KAPLAN and GUY 2004 ). An overrepresentation of genes correlating to maltose was associated to the mitochondria and other organelle membranes. This may indicate that general membrane and mitochondrial functions are especially vulnerable to inbreeding. A higher level of maltose in inbred lines may be required to protect diverse membrane functions.
Interactions between maltose and molecular chaperones such as the heat shock protein hsp90 have been observed (BALI et al. 2003) , and a maltose binding protein has been suggested to have chaperone properties, interacting with unfolded and denatured proteins (RICHARME and CALDAS 1997) . The maltose binding protein is hypothesized to act as a chaperone buffer preventing aggregation of unfolded proteins, suggesting that maltose may be associated to the protein quality control system and protein homeostasis. This indicates that processes associated to protein folding and degradation may be disturbed in inbred individuals. Fixation of deleterious mutant alleles due to inbreeding may cause decreased protein stability, resulting in increased unfolding and non-native conformational changes potentially resulting in protein aggregation which is known to be harmful for cellular functions (SANGSTER et al. 2004; DEPRISTO et al. 2005) . Increased levels of maltose in inbred flies could help these unstable proteins to preserve their functions. Hsp60, which is involved in mitochondrial 'de novo' protein folding and protein targeting to mitochondria, was found to be positively correlated with maltose variation. As a direct interaction between maltose and Hsp60 have not been reported, it is more plausible that a correlation between Hsp60 and maltose is due to them both being induced by disturbance of protein homeostasis. The correlation to gene expression data showed that two genes associated to degradation of endoplasmic reticulum (ER) proteins were positively correlated to maltose, indicating a role for maltose also in processes related to degradation of ER proteins.
Overall, our data suggest a role for maltose in processes involved in protection, degradation and folding of proteins that are up-regulated in inbred lines. Previous results showing higher levels of Hsp70 in inbred populations (KRISTENSEN et al. 2002; PEDERSEN et al. 2005; CHENG et al. 2006) corroborate that inbreeding may influence protein homeostasis.
3-hydroxykynurenine
The metabolite 3-hydroxykynurenine was found at lower levels in inbred relative to control flies. Decreased 3-hydroxykynurenine levels in response to cold shock was found previously (OVERGAARD et al. 2007) and in this study. Genes correlating to 3-hydroxykynurenine were mainly related to processes involving nitrogen containing compounds. Nitrogen containing compounds are essential, as they provide components of the nucleic acids, DNA and RNA, and the energy currency of the cell, ATP.
Hydroxykynurenine is an intermediate of tryptophan catabolism and this pathway was
shown by KRISTENSEN et al. (2006) to be differentially expressed between inbred and control lines at the gene expression level with most genes in the pathway being upregulated in inbred flies (such as cg9629 and FBgn0031380). Tryptophan catabolism has been suggested to be involved in aging, oxidative stress and synthesis of brown eye pigmentation in Drosophila (OKUDA et al. 1998; SAVVATEEVA-POPOVA et al. 2003; SAS et al. 2007) . Reactive oxygen species (ROS) are known to be formed from oxidation of 3-hydroxykynurenine resulting in oxidative stress (OKUDA et al. 1998; HAN et al. 2007) . ROS can damage important cell structures such as DNA, proteins and lipids (OKUDA et al. 1998; LANDIS et al. 2004) . Preventing accumulation of 3-hydroxykynurenine is essential to minimize ROS production, suggesting this as an adaptive response in inbred lines to avoid oxidative stress. Genes associated to DNA repair and oxidative stress were observed to be negatively correlated with 3-hydroxykynurenine. Selenide, water dikinase, which is associated to sensitivity to oxidative stress (MOREY et al. 2003) and involved in production of selenoproteins which may act as cellular antioxidants, correlate to 3-hydroxykynurenine.
The finding that genes related to 'methyltransferase activity' correlates to 3-hydroxykynurenine is interesting because methylation patterns are known to be important for DNA protection and gene regulation. The existence of DNA methylation in D.
melanogaster has been debated, however methylation of DNA is now known to occur in D.
melanogaster (LYKO et al. 2000) . This indicates either that inbred individuals are oxidatively stressed or that the effect of inbreeding bear similarities with responses to oxidative stress (LANDIS et al. 2004; KRISTENSEN et al. 2005b) . However, the mechanistic relation between inbreeding and oxidative stress obviously requires further studies.
The galactoside
The Drosophila specific galactoside (1-O-(4-O-(2-aminoethyl phosphate)-β-Dgalactopyranosyl)-x-glycerol) detected at lower concentrations in inbred flies is synthesized and thought to accumulate exclusively in the accessory glands in males of some Drosophila species including D. melanogaster (CHEN et al. 1977) . It is transferred from male to female flies during copulation in the seminal fluid (CHEN et al. 1977; CHEN 1984) . Variation in the galactoside was found to correlate with genes involved in meiosis and a gene involved in male courtship behavior (Table S4 and Table S10 ). Additionally genes associated to telomere maintenance and splicing correlate to the galactoside. The gene Thor, which is related to defense response, immune response, oxidative stress and life span, was negatively correlated to the galactoside. Thor is, such as the majority of heat shock proteins, thought of as a general stress responsive gene; this indicates that inbreeding may induce general stress responsive mechanisms. Knowledge is scarce on the biochemical function of this galactoside. It was originally suggested to be the major agent for elevation of oviposition and repression of sexual receptivity of females following copulation (CHEN 1984) and might play a role in reproduction which is a trait normally suffering from inbreeding depression. Even if it has now been shown that the major role is played by the so-called sex-peptide (CHEN et al., 1988, LIU and KUBLI, 2003) , it can by hypothesised that lower concentrations of the galactoside and similar agents in inbred flies is one causative agent explaining this pattern. It is of interest in this context that a proteome analysis of the same inbred and control lines revealed lower levels of accessory gland proteins related to male mating success (PEDERSEN et al., unpublished results) . The observation of lower levels in inbred lines of agents related to reproductive fitness is extremely interesting in relation to finding candidate genes and identifying processes particularly vulnerable to inbreeding. Interestingly, a decreased level of the galactoside in response to cold-stress was also observed in this study.
Common stress responses
The finding that all three metabolites that showed the highest correlation with inbreeding correlate strongly and in the same direction also with cold-stress (maltose concentrations were higher, whereas 3-hydroxykynurenine and the galactoside concentrations were lower both in inbred and cold-stressed flies) suggest that the consequences of the distinct types of stress elicit similar stress responses. It has previously been shown that 'intrinsic stresses' such as inbreeding, aging and oxidative stress leads to a larger than expected overlap of genes being differentially expressed in all three groups (KRISTENSEN et al. 2005a ). This study shows that different stresses may induce common responses also at the metabolomic level.
Between-line variability
Another important general finding of this study is the increased between-line variation in metabolite profiles in inbred relative to control flies. The additive genetic variance between lines is expected to increase with inbreeding (FALCONER and MACKAY 1996) . Assuming other genetic and environmental variance components to be unaffected by inbreeding it is expected that the phenotypic variance between lines/populations will behave in a similar manner. Based on these assumptions the observed increase in between-line variance of the metabolite profiles confirms the expectations and emphasizes the variable nature of inbreeding on this biological level. Within-gene variation of gene expression (KRISTENSEN et al. 2005a; and genetic variance components of a neutral quantitative morphological character (sternopleural bristles, KRISTENSEN et al. 2005b ) have previously been estimated in the same lines as used in this study. Also at these levels inbreeding results in an increased between-line variance. All together, the data supports, at several biological levels, that inbreeding results in increased phenotypic variance between lines.
However, despite the observed increase in between-line variance our results show general responses to inbreeding across independent biological replicates at the metabolite and transcriptomic levels (KRISTENSEN et al. 2005a; .
No observed interaction between inbreeding and environmental stress
In contrast to other studies of inbreeding and its consequences at the phenotypic level we did not observe strong interactions between inbreeding and the environment (different temperatures) on the metabolome. The metabolite fingerprint of inbreeding was stable across the three temperature conditions investigated. The explanation for the different importance of inbreeding by environment interactions at different biological levels is not known. However, one reason for the lack of interactions observed here might be that metabolite responses to inbreeding and temperature stresses occur in different cell or tissue types, which do not show any interaction at the metabolite level, and because our samples are pools of whole flies we may not be able to separate these different metabolomic responses. A reason for the lack of interactions could also be that genetic drift, purging and accumulation of mutations have altered the genetic make up of the investigated lines since the gene-expression study was performed. However, the inbred and control lines were investigated for effects of interactions between inbreeding and temperature stress on the life history trait egg-to-adult viability at approximately the same time as our metabolomic study was performed. This study showed clear cut evidence for inbreeding depression being temperature dependent (KRISTENSEN et al. 2008) .
Interactions between line and cold-stress were observed, while no significant interaction effects were detected between line and heat-stress. Indeed the metabolomic responses to heat-and cold-stress are different in composition and timescale (MALMENDAL et al. 2006; OVERGAARD et al. 2007) . The cold-stress applied in this study was more severe than the heat-stress: flies were knocked out during cold-stress, which was not the case with the heatstress treatment. Moreover, cold-stress has previously been shown to affect metabolite processes more strongly than heat-stress (KAPLAN et al. 2004; MALMENDAL et al. 2006; OVERGAARD et al. 2007 ). This may explain why significant interactions between line and temperature were observed for exposure to cold-stress but not heat-stress.
CONCLUSION
Overall, the metabolite fingerprint of inbred and control flies were clearly distinguishable.
Maltose, 3-hydroxykynurenine and a galactoside specific to male Drosophila were the metabolites that showed the highest correlation with the metabolomic effect of inbreeding.
Inbred lines had increased levels of maltose and decreased levels of 3-hydroxykynurenine and the galactoside. Integration of information across multi-'omic' technologies has the potential to broaden the limited window provided by individual technologies, thus enhancing the understanding of the biological systems. The approach used in the present study to associate metabolite and gene expression levels is suggested to be generally applicable to integrate multivariate data from different 'omic' technologies (RANTALAINEN et al. 2006) . In spite of the 40 generations separating the transcriptomic and metabolomic data, the attempts to integrate data from different biological levels revealed several new and interesting advances in understanding consequences of inbreeding. In summary, we speculate that processes related to basic metabolism and protein homeostasis (degradation and folding), and especially processes associated to membrane functions, are distorted in inbred flies and that inbreeding may influence processes also known to be induced in response to oxidative stress. Metabolite profiles were found to vary more between inbred relative to between control lines confirming other empirical results. Contrary to most other studies investigating inbreeding by environment interactions, we found no interaction between inbreeding and temperature on the metabolome. In conclusion, the NMR technique used in this study proved to be efficient in distinguishing between different breeding regimes (inbred and control) and in identifying between-line-variation. NMR technologies particularly benefit from the fact that prior information on the genome is not a necessity for obtaining useful results. We advocate that the method may have applications in fields where it is not usually used such as environmental stress research, population genetics, and evolutionary research. I1 0°C  I2 0°C   I1 25°C  I1 36°C  C2 36°C  C5 36°C  C1 36°C  C3 36°C  C4 25°C  C4 36°C  C5 25°C  C1 25°C  C2 25°C  C3 25°C  I4 25°C  I4 36°C  I2 25°C  I2 36°C  I5 25°C  I5 36°C   I3 0°C   I3 25°C  I3 36°C  C5 0°C  C1 0°C  C3 0°C  C2 0°C  C4 0°C  I4 0°C  I5 
